In bacteria, sulfur metabolism is regulated in part by seven known families of riboswitches that bind S-adenosyl-L-methionine (SAM). Direct binding of SAM to these mRNA regulatory elements governs a downstream secondary structural switch that communicates with the transcriptional and/or translational expression machinery. The most widely distributed SAM-binding riboswitches belong to the SAM clan, comprising three families that share a common SAMbinding core but differ radically in their peripheral architecture. Although the structure of the SAM-I member of this clan has been extensively studied, how the alternative peripheral architecture of the other families supports the common SAM-binding core remains unknown. We have therefore solved the X-ray structure of a member of the SAM-I/IV family containing the alternative "PK-2" subdomain shared with the SAM-IV family. This structure reveals that this subdomain forms extensive interactions with the helix housing the SAM-binding pocket, including a highly unusual mode of helix packing in which two helices pack in a perpendicular fashion. Biochemical and genetic analysis of this RNA reveals that SAM binding induces many of these interactions, including stabilization of a pseudoknot that is part of the regulatory switch. Despite strong structural similarity between the cores of SAM-I and SAM-I/IV members, a phylogenetic analysis of sequences does not indicate that they derive from a common ancestor.
In bacteria, sulfur metabolism is regulated in part by seven known families of riboswitches that bind S-adenosyl-L-methionine (SAM). Direct binding of SAM to these mRNA regulatory elements governs a downstream secondary structural switch that communicates with the transcriptional and/or translational expression machinery. The most widely distributed SAM-binding riboswitches belong to the SAM clan, comprising three families that share a common SAMbinding core but differ radically in their peripheral architecture. Although the structure of the SAM-I member of this clan has been extensively studied, how the alternative peripheral architecture of the other families supports the common SAM-binding core remains unknown. We have therefore solved the X-ray structure of a member of the SAM-I/IV family containing the alternative "PK-2" subdomain shared with the SAM-IV family. This structure reveals that this subdomain forms extensive interactions with the helix housing the SAM-binding pocket, including a highly unusual mode of helix packing in which two helices pack in a perpendicular fashion. Biochemical and genetic analysis of this RNA reveals that SAM binding induces many of these interactions, including stabilization of a pseudoknot that is part of the regulatory switch. Despite strong structural similarity between the cores of SAM-I and SAM-I/IV members, a phylogenetic analysis of sequences does not indicate that they derive from a common ancestor.
RNA structure | X-ray crystallography | chemical probing | isothermal titration calorimetry | gene regulation R iboswitches are noncoding RNA elements generally found in the leader of bacterial mRNAs that regulate expression via direct binding of a specific cellular metabolite (reviewed in refs. 1 and 2). To date, at least 25 different families of riboswitches have been identified and validated, binding a diverse set of effectors, including nucleobases and nucleosides, amino acids, protein cofactors, metal ions, and second messengers (1) . Effector binding promotes formation of a downstream regulatory structure that generally directs transcription and/or translation of the message. As the repertoire of known riboswitches continues to expand, relationships among the families are emerging. One of the best-characterized examples is the purine family of riboswitches, which bind three distinct effector molecules: guanine, adenine, and 2′-deoxyguanosine (3). These RNAs are highly similar at all structural levels, with only two nucleotides in the binding pocket required to alter binding selectivity, indicating that these three distinct subfamilies likely diverged from a common ancestor (4, 5) . Conversely, the two known families of riboswitches that bind cyclic diguanylate or pre-Q 1 are structurally distinct and recognize the effector in different fashions, pointing to independent evolutionary origins (3) .
Intermediate between these two extreme cases are the three families of riboswitches making up the "SAM clan" [SAM-I (RF00162), SAM-IV (RF00642), and SAM-I/IV (RF01725)], whose members share a common binding core but have widely divergent peripheral architectures (6) (7) (8) (9) . Structures of the SAM-I family revealed that S-adenosylmethionine is recognized by features within and surrounding a central four-way junction (yellow, Fig. 1) (10, 11) . Nucleotides crucial for effector binding, along with the secondary structural features in which they are embedded, are nearly invariant within the clan (7). However, the three families of the SAM clan significantly differ in the peripheral architectural features surrounding the ligand-binding core (7) . Within the SAM-I family, the central ligand-binding core is organized by the "PK-1" peripheral subdomain, defined by a pseudoknot (PK-1) between L2 and J3/4 (green, Fig. 1 ) (10, 11) . PK-1 is facilitated by an essential kink-turn module in P2 that redirects the terminal loop back toward the core. These peripheral tertiary interactions serve to preorganize the core for SAM recognition (12) . In the SAM-IV family, this subdomain differs by a non-kink-turn motif in P2 that presumably introduces a similar bend in the helix, along with the absence of the P4 helix (7) . Because loss of P4 destabilizes the core (13), a second peripheral subdomain is observed, called "PK-2," comprising a new hairpin following P1 (P5) and a 3′-tail that base pairs with L3 to form a second pseudoknot (PK-2; Fig. 1 ). Before this work, the structure of the PK-2 subdomain and its relationship to the SAM-binding core was, to the authors' knowledge, unknown. The SAM-I/IV family lacks the PK-1 subdomain, only having the PK-2 subdomain of the SAM-IV family (cyan, Fig. 1 
) (8).
The two distinct peripheral subdomains of the SAM clan have radically different relationships to the regulatory secondary structural switch controlling expression of the mRNA. In the SAM-I family, the first (P1) helix of the aptamer domain competes with an alternative secondary structure in the expression platform
Significance
Riboswitches are a broadly distributed means of regulation of gene expression in bacteria that solely rely on RNA. Seven distinct families of riboswitches bind S-adenosylmethionine (SAM) as their effector, regulating genes involved in sulfur metabolism across a broad spectrum of bacterial species. Further, SAM riboswitches regulate expression of genes essential for survival and/or virulence in medically important pathogens, suggesting they might be important targets for the development of new antimicrobial agents. Our studies reveal the atomic-resolution structure of a unique peripheral architecture that supports a SAM-binding core shared among three families that make up the "SAM clan" and how this subdomain facilitates both ligand binding and gene regulation. (14) . For SAM-dependent transcriptional termination by these riboswitches, an alternative antiterminator helix can form at the expense of P1, enabling RNA polymerase to synthesize the entire transcript. The PK-1 subdomain in these RNAs plays an accessory role by supporting high-affinity SAM binding but does not play a direct role in the regulatory switch. In the SAM-IV and SAM-I/IV families, PK-2 is proposed not only to support highaffinity SAM binding but also to act as an integral part of the alternative structural switch that instructs the expression machinery (7). Thus, PK-2 plays a direct role in both ligand binding and regulation.
Conservation of a central core containing the key activity with variable peripheral domains playing supporting roles is observed in other biologically important RNAs. For example, although all group I introns share a conserved catalytic core composed of three domains (P4-P6, P3-P9, and P1-P2), they vary considerably in peripheral subdomains defining 13 structural subgroups (15) . The peripheral P5abc subdomain of the Tetrahymena thermophila group I intron, although not essential for catalytic function, forms a series of tertiary interactions with elements of the core that serve to stabilize the RNA's fold. Similarly, RNase P and ribosomal RNAs exhibit diverse nonessential peripheral architecture that support of a common core containing the catalytic active site (16, 17) . The limited size and scope of alternative peripheral elements of the SAM clan make this RNA ideal for understanding how peripheral architecture is used to augment core function.
We present the structure of the aptamer domain of a member of the SAM-I/IV family that contains the alternative PK-2 subdomain to reveal how this alternative peripheral element facilitates both effector recognition and the regulatory switch. This structure reveals that the PK-2 subdomain forms extensive interactions with P3, along with the predicted pseudoknot with L3. Ligand-dependent chemical probing analysis reveals that SAM binding significantly stabilizes these interactions, including PK-2, which is part of the regulatory switch. Further, we show that the function of the switch in vivo is dependent on the strength of PK-2. The PK-2 subdomain is positioned on the opposite side of the SAM-binding core from the PK-1 subdomain. Although these two complete domains are never found together in biological RNAs, "hybrid" aptamers containing both domains are capable of binding SAM, demonstrating that the full PK-1 and PK-2 are not mutually exclusive.
Results

RNA Crystallization and Structure Determination.
To obtain crystals of a SAM clan member containing the PK-2 subdomain, several of the smallest member sequences of the SAM-I/IV family were screened against commercially available sparse matrices. To promote lattice contacts, nonconserved terminal loops (L2, L4, and L5) of each variant were converted to GAGA tetraloops (sequences and secondary structures of all RNAs used in this study are presented in Table S1 and Fig. S1 ). Of these RNAs, the env87 variant from a Pacific Ocean metagenome (accession number ABEF01012528.1) found in the 5′-leader of an mRNA encoding homoserine acetyltransferase (COG2021) crystallized in a number of conditions. Further variation in the lengths of P2, P4, and P5, along with mutagenesis or deletion of nonconserved nucleotides within the sequence, yielded crystals suitable for structural analysis. In particular, deletion of a single residue in J5/PK-2, U92, yielded crystals that diffracted X-rays to 3.2 Å resolution [this RNA is referred to as env87(ΔU92); Fig. S1C ]. The ΔU92 mutation was crucial for obtaining diffraction-quality crystals; addition of this nucleotide back to the RNA and extensive rescreening yielded crystals that diffracted X-rays to no greater than 6 Å resolution. The quality of the resulting electron density maps from diffraction data were sufficient to unambiguously observe features of the SAM-binding core and novel PK-2 subdomain (Fig. S2 A-C) .
To validate that the crystallized RNA retains all the necessary features for high-affinity ligand recognition, SAM binding to a series of RNAs was measured using isothermal titration calorimetry (ITC). Ligand binding was tested under physiological monovalent cation concentrations (135 and 15 mM NaCl) and 10 mM magnesium chloride, a divalent cation concentration that promotes RNA folding in vitro to a similar extent as observed in vivo for the purine riboswitch aptamer domain (18) . Wild-type and a minimized aptamer containing truncations in P2 and P4 [env87(minimal)] display ∼100 nM affinity for SAM (Table 1, Table S2 , and Fig. S3 ) comparable to that observed for some SAM-I variant riboswitches (9, 19) . The single-point deletion on the 3′-side of PK-2 (ΔU92) results in a ∼fourfold reduction in SAM binding affinity, presumably because of the destabilizing effect on this peripheral element. Further degradation of PK-2 by introducing the point deletions ΔU92,G93 and ΔU92-U94 (Table 1) further reduces affinity by 100-1000-fold, clearly revealing the essential role of the PK-2 subdomain. Analysis of base pairing in PK-2 of the SAM-I/IV family indicates that although full pairing and a single unpaired nucleotide on the 3′-side of L3 are prevalent in natural sequences (63.9% and 22.4% of total sequences, respectively), two or more unpaired nucleotides on the 3′-side of L3 (equivalent to ΔU92,G93 and ΔU92-U94) is less tolerated. Thus, the ΔU92 mutation is representative of a significant fraction of the SAM-I/IV family. Finally, this deletion does not substantially affect in vivo activity.
Structure of the SAM-I/IV Aptamer in Complex with SAM. The architecture of the SAM-I/IV [env87(ΔU92)] aptamer domain is similar to that of the SAM-I aptamers that have been previously determined (10, 11) . The core of the aptamer is a four-way junction flanked by helices P1-P4 (Fig. 2 A-C) that organize into Fig. 1 . Cartoon of the secondary structure of the three families of the SAM clan of riboswitches. The phylogenetically conserved SAM-binding core shared by all members of the clan is highlighted in yellow, and the two types of peripheral subdomains, the P4/PK-1/P2 (called the PK-1 subdomain) and P5/PK-2 (called the PK-2 subdomain), are highlighted in green and cyan, respectively. Table 1 . Affinities of SAM for wild-type and mutant env87 SAM-I/IV aptamers
0.14 ± 0.02 0.85 ± 0.03 env87 (ΔU92) 0.41 ± 0.05
100 ± 10 0.72 ± 0.04 hybrid 1 0.27 ± 0.03 0.81 ± 0.02 hybrid 2 0.08 ± 0.01 0.84 ± 0.03 env87 (ΔP4) 5.3 ± 0.5 1.10 ± 0.02 two sets of coaxial stacks, P1/P4 and P2/P3. These two coaxial stacks are tied together by the J1/2 and J3/4 joining regions. The SAM-binding core of the env87 aptamer superimposes nearly perfectly with that of the Thermoanearobacter tengcongensis (Tte) metF SAM-I aptamer (11) (rmsd, 0.50 Å; Fig. 3 ). In both structures, SAM is bound by a nearly universally conserved set of nucleotides in the SAM clan. The only exception is the A3-U69 base pair (env87 numbering; Fig. 2A ), which is conserved in SAM-I and SAM-I/IV but is a G-C pair in SAM-IV. Mutation of this A-U pair to G-C in the TteSAM-I and Bacillus subtilis yitJ SAM-I aptamer domains results in a moderate loss in affinity (10, 20) . Despite the identical SAM-binding cores (within the coordinate error of the known structures), the crystal structure of env87 (ΔU92) reveals a completely novel peripheral architecture surrounding the core in the SAM-I/IV aptamer. All known members of the SAM-I/IV family have no secondary structural features associated with the PK-1 subdomain (8), which is reflected in the tertiary architecture of the env87(ΔU92) aptamer. Similar to SAM-I, P2 coaxially stacks on P3 but contains no internal loop motif present in the SAM-I and SAM-IV families that facilitates formation of PK-1 (Fig. 1) . Thus, its terminal loop projects away from the core and makes no contacts to either J3/4 or J4/1. A second significant distinction in the SAM-I/IV family is the lack of J4/1. In SAM-I, and likely SAM-IV, there are two or three unpaired purine nucleotides that disrupt direct stacking between P1 and P4 and help mediate interactions in the PK-1 subdomain. In the SAM-I/IV aptamer, there are no non-Watson-Crick paired nucleotides between P1 and P4, allowing the two helices to directly stack on one another. Finally, the joining region J3/4 is severely truncated with respect to that found in the other two families, consisting of only two unpaired nucleotides. The two nucleotides (C51 and A52) reside in approximately the same spatial location as the first two adenosines of J3/4 in TteSAM-I that are used to form triple interactions with the minor groove of P2 but do not make any contacts with other regions of the RNA. Thus, the SAM-I/IV family is entirely devoid of the tertiary architectural features essential for organization of the SAM binding pocket in the SAM-I and SAM-I/IV families.
In SAM-I/IV, the PK-1 subdomain is replaced by the P5 stemloop and a 3′-strand that forms a pseudoknot with L3 (PK-2), which together forms the PK-2 subdomain. These elements are placed on the opposite face of the core as the PK-1 subdomain in the SAM-I family (Fig. 3) . P5, which is conserved in both the SAM-IV and SAM-I/IV families, is oriented perpendicular to the P2-P3 coaxial stack, with its 5′-side interacting with the minor groove of P3 ( Fig. 2 B and C) . Packing of P5 against P3 is mediated by three universally conserved nucleotides in the SAM-IV and SAM-I/IV families: G72, A85, and A86 (Fig. S2D ). G72 and A85 form a purine-purine pair involving their Watson-Crick faces, whereas A86 remains unpaired and stacked directly below A85. This is the first known example, to the authors' knowledge, of a highly conserved module that promotes a perpendicular helix-groove packing interaction but is similar to the HL out pseudoknot motif observed in the preQ 1 -II riboswitch (21, 22) . The joining region J5/PK-2 makes further interactions with the minor groove of P3, primarily through a type I A-minor triple (23, 24) interaction between A90 and the G31-C41 base pair and a type II A-minor triple interaction between A89 and the G30-C42 base pair (Fig. S2E) . These types of interactions are common in H-type pseudoknots, in which the strand equivalent to J5/PK-2 always crosses the minor groove of one of the helices (25) .
The extreme 3′-terminal sequence forms five consecutive Watson-Crick base pairs with nucleotides in L3 to form PK-2 (Fig. 2) . In this arrangement, the first and last nucleotides of L3 (A33 and A39) are unpaired and expelled from the helix. A39 is drawn to reflect the tertiary architecture of the RNA. The yellow box represents sequence (black outlined letters) and/or structural elements that are nearly universally conserved in the SAM clan, with the site of binding of the adenosyl moiety of SAM represented as "A"s. Coloring of the RNA is used to highlight the P1/P4 coaxial stack (blue), the P2/P3 coaxial stack (green), the joining regions between the stacks (orange and magenta), and the PK-2 subdomain (cyan). The box represents the most probable secondary structure of PK-2 for the wild-type sequence that was used for modeling. (B) Cartoon representation of the global architecture of the RNA, using the same coloring scheme as in A. (C) 90°clockwise rotation perspective of the structure. predicted from covariance models of both the SAM-IV and SAM-I/IV families to form a base pair with U92 that is deleted, which would enable P3 and PK-2 to coaxially stack (7, 8) . Although this deletion likely slightly locally disrupts the PK-2 subdomain by disallowing perfect coaxial stacking of P3 and PK-2, it should be reiterated that the structure reflects a significant portion of the population of the SAM-I/IV riboswitch that has a similar unpaired nucleotide on the 3′-side of L3 (Table S3) .
SAM Binding Stabilizes the PK-2 Subdomain Required for Regulatory
Activity. To assess the influence of SAM binding on the structure of the env87 SAM-I/IV aptamer domain, selective 2′-hydroxyl acylation analyzed by primer extension (SHAPE) chemical probing (26) was performed in the absence and presence of 1 mM SAM. SHAPE probing employs N-methylisotoic anhydride that generally reacts with 2′-hydroxyl groups of ribose sugars in conformationally dynamic regions of the backbone or where the hydroxyl group is locked into a conformation favoring in-line attack with the neighboring phosphodiester linkage (27) . For each nucleotide, normalized reactivity in the presence of 1 mM SAM was subtracted from the normalized reactivity in the absence of SAM to yield a reactivity difference plot (Fig. 4 A and B and Fig. S4A ). Importantly, chemical probing is consistent with the architecture of the env87(ΔU92) crystal structure. Nucleotides directly interacting with SAM (G8 and A25) show the strongest degrees of protection, consistent with this experiment measuring SAM-dependent structural changes or stabilization. The majority of observed protections are distributed in and around the PK-2 subdomain. A set of strong protections are observed within the pseudoknot itself (G35, G36, A39, and C94), suggesting that this element, proposed to be part of the regulatory switch (7), is being stabilized by the aptamer domain on SAM binding. Another very strong SAM-dependent protection is observed at A86, reflecting the association of P5 with the minor groove of P3. A series of protections at the site of P3-J5/PK-2 (e.g., A44, A89, and A90) further indicates that SAM binding promotes the extensive interactions between P5 and J5/PK-2 along P3 between the adenine binding pocket and L3. Conversely, C51 and G88 show enhanced reactivity on binding, correlating well with the crystal structure, where these residues show high B-factors and are solvent-exposed in the structure.
To correlate PK-2 formation with regulatory activity, a series of env87 SAM-I/IV riboswitches with deletions at the 3′-end that disrupt PK-2 were tested for their ability to repress expression of a lacZ reporter gene in Escherichia coli BW25113 [parental cell strain of the Keio knockout collection (28)]. β-galactosidase activity of log-phase cells was quantified using the Miller assay (29) . For each mutant, a corresponding SAM-binding knockout was made in P3 (U47A). The wild-type riboswitch showed eightfold repression relative to the binding knockout (Fig. 5) . Derepression of methionine and SAM biosynthesis in a metJ knockout strain (JW3909; derivative of BW25113) (30, 31) resulted in higher levels of repression, further indicating that the magnitude of repression correlates with intracellular SAM (Fig. S4B) . Systematic weakening of PK-2 by deletion of nucleotides at the 3′-end of the aptamer that pair with L3 reduces the repression of lacZ. Loss of a single base pair at the interface between P3 and PK-2 (ΔU92) has a small effect on repression ( Fig. 5 and Fig. S4B ), reflecting its ability to bind SAM with nearly wild-type affinity by ITC and its prevalence in phylogeny. Ablating two base pairs (ΔU92,G93) resulted in weak regulatory activity, and further deletions resulted in complete loss of activity. Furthermore, conversion of L3 into a stable UUCG tetraloop that would be predicted to completely disrupt the L3-3′ tail interaction shows no regulatory activity. These trends are reflected in the metJ knockout cells, indicating that elevated SAM does not rescue the loss of PK-2.
The Peripheral Subdomains Are Not Mutually Exclusive. Superimposition of the SAM-I and SAM-I/IV aptamers suggests that the PK-1 (P2/PK-1/P4) and PK-2 (P5/PK-2) subdomains are mutually compatible (Fig. 3 A and B) . However, in no natural sequence of any member of the SAM clan is there an RNA containing the full two subdomains. In the SAM-IV family, the PK-1 domain is significantly reduced by deletion of P4. No member of this family has this helix, suggesting the full PK-1 subdomain is incompatible with the PK-2 domain. Conversely, loss of P4 is tolerated by both SAM-I and SAM-I/IV. Within the SAM-I/IV family, only 31% of the members [144/470 sequences (8)] contain P4, with the rest having a longer J3/4 linker directly connecting the 3′-side of P3 with the 3′-strand of P1. Within the SAM-I family, loss of P4 is rarer [6% of total sequences (13)]. Deletion of this element in the B. subtilis metI riboswitch results in a reduction of both ligandbinding affinity and regulatory activity, reflecting its importance for organization of the PK-1 subdomain (13) .
To examine the role of P4 in the residual PK-1 subdomain of the SAM-I/IV family, we examined the affinity of SAM for two variants of env87 that contain a four-and five-nucleotide J3/4 linker. An RNA in which P4 was replaced with the phylogenetically observed four-nucleotide linker 5′-GUAG yielded no detectable binding of SAM. However, replacement of P4 with a fivenucleotide linker (5′-AAAUA) could bind, albeit with a ∼460-fold reduction in affinity [ Table 1 ; env87(ΔP4)]. Given that P4 is frequently lost in the SAM-I/IV family, unknown sequence elements of these RNAs may serve to reduce the loss in SAM affinity.
Conversely, the full PK-1 and PK-2 subdomains might not be compatible, as no known natural sequence contains both. To test the ability of both to function in concert, we created a hybrid SAM aptamer with the P2, J3/4, and P4 sequences from the TteSAM-I RNA and the remainder from env87SAM-I/IV (Fig.  S1D) . This RNA has an affinity for SAM nearly equivalent with the wild-type SAM-I/IV RNA, revealing that the two subdomains are compatible. One hypothesis why the existence of these two domains is never found in concert is that it would overstabilize the aptamer, preventing switching, and result in constitutively repressed gene expression.
Evolutionary Relationship of the Three Families in the SAM Clan. This structural and biochemical analysis of the SAM-I/IV reveals a clear structural relationship with SAM-I and further reinforces their assignment, along with SAM-IV, to the SAM clan in Rfam (32) . Since the discovery of the SAM-I/IV family, there has not been a phylogenetic analysis of the clan to discern potential evolutionary relationship between the three families. To address this gap, we produced a phylogenetic tree of the three families, using a manually curated set of RNAs (removal of gap-rich and hypervariable regions) derived from the seed alignments of Rfam 11.0 ( Fig. 6 ; full alignment in Dataset S1). This tree shows relationships among members of the SAM riboswitch clan. Although the root of the tree cannot be confidently located without an outgroup, it reveals several important features of the evolution of the SAM clan. First, it is apparent that SAM-IV (RF00634) evolved from SAM-I/IV (RF01725). A branch of the tree containing all members of the SAM-IV family is clearly embedded in the part of the tree comprising the SAM-I/IV family. Second, loss of the P4 helix evolved convergently and multiple times in both the SAM-I/IV and SAM-I families. Further, the relationship between SAM-I/IV and SAM-IV suggests that the loss of P4 may have been a preadaptation for the evolution of SAM-IV.
Discussion
In this study, we explored the structural and phylogenetic relationship of members of the SAM clan of riboswitches through the investigation of the SAM-I/IV family. Although extensive structural, biochemical, and genetic data have been accrued about the SAM-I family (33) , the other two member families of the clan are almost completely unknown. The crystal structure of the env87 SAM-I/IV RNA has revealed the organization of the PK-2 subdomain and its relationship to the SAM-binding pocket. These data validate the hypothesis that the ligand-binding core of all members of the SAM clan are essentially identical but use differing combinations of peripheral subdomains to enhance ligand-binding affinity and/or communicate with the downstream regulatory switch (7) . Notably, these two subdomains are found at opposite sides of the SAM-binding core and, from a ligandbinding perspective, are mutually compatible.
The structural and chemical probing data of the env87 aptamer strongly support a model of SAM-dependent regulation by the SAM-IV and SAM-I/IV members of the SAM clan. In the absence of ligand, PK-2 forms through Watson-Crick base pairing between nucleotides in L3 and the 3′-end of the aptamer domain, but this interaction is weak. Downstream sequences can readily form alternative hairpin structure with the 3′-end of the aptamer domain that disrupt PK-2, corresponding to the "ON" state of this riboswitch. On SAM binding, PK-2 is significantly stabilized via the formation of a supporting network of basemediated interactions between the universally conserved G/AA motif at the base of P5 and J5/PK-2 with an extended region of P3 that extends from the SAM binding site to the PK-2. These interactions make PK-2 resistant to disruption by alternative structure formation and promotes the "OFF" state of the riboswitch.
Regulatory pseudoknots are a common theme among riboswitches. The most prevalent form is a simple H-type pseudoknot that encompasses both the aptamer domain and the expression platform. For example, the 3′-single-stranded tail SAM-II riboswitch contains the ribosome-binding site that becomes occluded on ligand binding (33) . The SAM-V, preQ 1 -I, preQ 1 -II, and fluoride riboswitches also use this architecture (3, 33) . The prevalence for the architectural theme is that the H-type pseudoknot may be the most parsimonious solution to creating a small-molecule responsive riboregulatory element. More rarely, the 3′-terminal pseudoknot does not fully incorporate the expression platform, such as the SAM-IV, SAM-I/IV, and the ydaO family (34) . In these cases, the terminal pseudoknot participates in a classic secondary structural switch with downstream sequences, as observed in classes of riboswitches that do not contain a terminal pseudoknot. In these cases, ligand binding serves to stabilize the terminal helix (either the "P1" helix or 3′-terminal helix of the pseudoknot).
The structural data presented represent a substantial advance in our understanding of the diverse peripheral architecture of members of the SAM clan of riboswitches. The phylogenetic tree of the seed members of the three SAM clan families yields several intriguing models for how this diversity might have evolved. Because the root of the tree cannot be determined without a known outgroup sequence, several scenarios are consistent with the data. If a common ancestor is assumed, several models are possible. One model is that the ancestor is a SAM-I like RNA, from which SAM-I/IV and, subsequently, SAM-IV emerged, similar to a model proposed by Breaker (35) . Our biochemical data support the possibility of a transitional RNA Fig. 5 . In vivo lacZ reporter assay. Gray boxes represent the wild-type binding core of SAM-I/IV, and hashed boxes represent the U47A binding knockout. PK-2 destabilizing mutants are denoted as ΔU (ΔU92), ΔUG (ΔU92,G93), ΔUGU (ΔU92-U94), and ΔUGUC (ΔU92-C95). ΔL3 is a mutant that changes the sequence of L3 to a UUCG tetraloop. Fold repression is shown below the graph. All errors are the SD of three individual biological replicates. that contains both the PK-1 and PK-2 domains before loss of PK-1 to yield the modern SAM-I/IV variants. A second model would root the tree in the SAM-I/IV family, with SAM-I and SAM-IV independently emerging. It is clear from this tree that the PK-1 domain has evolved independently twice and that this domain in the SAM-I and SAM-IV families is not evolutionarily related, despite some secondary structural similarities. It must be emphasized that because the available data do not allow independent rooting of the tree, we cannot discriminate between the models that assume a single origin and a model in which members of this clan emerged independently. Even though the families are statistically significantly related to one another in terms of the stochastic context-free grammar models that underlie Rfam, these similarities might be a result of independent evolution to meet the same functional constraints, rather than descent from a single common ancestor. Nonetheless, the combined structural and phylogenetic analysis yields new insights into the diversification of RNA.
Materials and Methods
Detailed experimental methods used in this work are given in SI Materials and Methods, as well as crystallographic data and model refinement statistics (Table S4 ) and sequence alignments (Table S3 and Dataset S1).
Crystallographic Analysis. RNA used in this study was prepared by in vitro transcription by T7 RNA polymerase, using standard methods (36) . Diffraction data were collected on beamline 8.2.2 at the Advanced Light Source. An initial electron density map was calculated using molecular replacement with the conserved binding pocket (30% sequence composition) from the SAM-I riboswitch (2GIS) with PHASER (37) . Iterative rounds of model building and refinement were performed in COOT (38) and PHENIX (39) . Crystallographic data and model have been deposited in the Protein Data Bank under accession code 4OQU.
Isothermal Titration Calorimetry. Equilibrium binding constants and binding stoichiometry for env87 SAM-I/IV riboswitch and variants were determined by measuring the heat released on SAM binding. SHAPE Structure Probing. The env87 SAM-I/IV riboswitch was probed using N-methylisotoic anhydride (26) . The RNA was then reverse-transcribed, and the resulting DNA was resolved using a sequencing gel.
In vivo Reporter Assay. The env87 SAM-I/IV riboswitch and variants were cloned upstream of the lacZ reporter gene (sequences of riboswitches used in these experiments given in Table S1 ). The Miller assay was used to measure lacZ expression (29) , using a SAM binding knockout to mutant that does not disrupt riboswitch structure to represent expression at low SAM concentrations without having to alter the intracellular level of this essential metabolite.
